Abstract -Voltage and current phasor estimation has been executed by GPS-based synchronized PMU, which has become an important way of wide-area blackout protection for the prevention of expending faults in a power system. The PMU technique can not easily get the field data and it is impossible to share information, so that there has been used a FNET(Frequency Monitoring Network) method for the wide-area intelligent protection in USA. It consists of FDR(Fault Disturbance Recorder) and IMS(Information Management System). Therefore, FDR must provide an optimal frequency estimation method that is robust to noise and failure. In this paper, we present comparative studies for the frequency estimation method using IRDWT(Improved Recursive Discrete Wavelet Transform), FRDWT(Fast Recursive Discrete Wavelet Transform), and DFT(Discrete Fourier Transform). The Republic of Korea345[kV] power system modeling data by EMTP-RV are used to evaluate the performance of the proposed two kinds of RDWT(Recursive Discrete Wavelet Transform) and DFT. The simulation results show that the proposed frequency estimation technique using FRDWT could be the optimal frequency measurement method, and thus be applied to FDR.
Introduction
A wide-area protection relay intelligent technique has been used to improve the reliability of a power system and to prevent a blackout. Nowadays, voltage and current phasor estimation has been executed by GPS-based synchronized PMU, which has become an important way of wide-area blackout protection for the prevention of expending faults in a power system [1, 2] .
However, the PMU technique can not easily get the field data and it is impossible to share information, so that there has been used a FNET(Frequency Monitoring Network) method for the wide-area intelligent protection in USA. This technique is remarked for the prediction of the inception fault and for the prevention of fault propagation with accurate monitoring frequency and with frequency deviation. It consists of FDR(Fault Disturbance Recorder) and IMS(Information Management System) [3] . It is well-known that FNET will detect the dynamic behavior and the near real-time frequency information of the system. Therefore, FDR must provide an optimal frequency estimation method that is robust to noise and failure. In Korea, FNET has been studied since late 2000 [4] . Frequency visualization tool was developed to use the wide-area frequency measurement value, which shows the real-time frequency to gradient color code and has made it possible to analyze an accident [5, 6] .
A well-known method, the Fourier Transform, has been used to analyze the transients and dynamic signal of a power system [7] . Kalman Filtering, Least Squares Method, and Artificial Neural Network were used for the analysis of power system signal. Especially, Fourier transform has been widely used because of low computation, but when the frequency is deviated, accuracy is reduced. Thus variable window technique [8] and advanced frequency estimation technique using gain compensation have been proposed an alternative to the Fourier transform [6, 9, 10] .
For the past 20 years, much interest has been rapidly grown on the Wavelet as a new signal processing tool for a good diagnosis of transient signals. Wavelet Transform was applied at distance relay of multiple transmission line [11] , voltage sag detection [12] , generator internal fault detection [13] , inrush detection of power transformer [14] , ground fault detection of distribution systems [15] , and power system diagnosis [16] due to a very good role in the singularity processing of the signal. Recently, it was shown that real-time implementation is possible in the phasor estimation of digital relay [17] and DC offsets [18] by greatly reducing the computation for real-time signal processing [19～22] .
In this paper, we present comparative studies on the frequency estimation method using IRDWT(Improved Recursive Discrete Wavelet Transform), the frequency estimation method using FRDWT(Fast Recursive Discrete Wavelet Transform) [6,10,19～22] and the one using DFT(Discrete Fourier Transform) [9] . 345[kV] power system modeling data of the Korea by EMTP-RV are used to evaluate the performance of the proposed two kinds of RDWT and DFT. The simulation results show that the proposed frequency estimation technique using FRDWT could be the optimal frequency measurement method, and thus be applied to FDR. 
Frequency Estimation Method
where     is the sample at   th sampling instant.
To extract the fundamental frequency component using DFT filter, the real and imaginary parts computed using samples corresponding to the th data window can be used to represent the signal in phasor form by the following equation (3):
where   and    are the real and imaginary parts computed using samples from the th data window, respectively.
The phase angle difference,        , represents the rotation of the phasors as the data window is advanced by one sample. Finally, the frequency estimation   can be obtained by the following equation (4):
where   and   are the sampling frequency and the frequency estimation, respectively.
Improved Recursive Discrete Wavelet Transform
The performance of wavelet function depends on choosing a mother wavelet. The mother wavelet of IRDWT represents as the following:
Set        and     such that mother wavelet fills in the admissive condition. Fig. 1 shows the characteristic for mother wavelet in time domain.
Fig. 1 Characteristic of mother wavelet transform of IRDWT
According to the displacement characteristics of z-transform, IRDWT can be expressed as equation (6). Thus, the wavelet coefficients can be implemented in real-time as it can use the historical data.
where
Fast Recursive Discrete Wavelet Transform
The mother wavelet of FRDWT represents as the following: The wavelet coefficients linked to a frequency  and a location  is given by:
Frequency Estimation by RDWT
The wavelet coefficients equation (6) and equation (9) lead to , , and . The estimation error can be written as equation (13) .   is the estimated frequency. Shedding   Fig. 4 shows the estimated frequency of A phase voltage by proposed two methods, when the entire load is shedding at the Gwangju [6] . In this paper, for better readability, we named the frequency estimation method using FRDWT as Method 1 and the frequency estimation (Table 1 , 2, and 3) represents the estimated frequency and error of several frequency estimation algorithms using the EMTP-RV 345kV modeling data. Table 1 means the maximum frequency value after the occurrence of the event. Table 2 shows the frequency value of 2 cycles elapsed after the event occurred. 
Generator Rejection

Conclusion
This paper presented comparative studies on three methods: Method 1(the frequency estimation method using IRDWT), Method 2(the frequency estimation method using FRDWT), and Method 3(the frequency estimation method using DFT). The Republic of Korea 345[kV] power system modeling data by EMTP-RV were used in order to evaluate the performance of the proposed two kinds of RDWT and DFT. From the simulation results of the generator rejection for the Republic of Korea power system, it was confirmed that as measurement point gets farther from the one of failure, then frequency vibrations are decreased. Overall, the frequency method using FRDWT can provide better accuracy and estimation velocity than the frequency estimation method using IRDWT or DFT under both steady-state tests and dynamic conditions such as load shedding and generator rejection. Fax : 033-760-8781 E-mail : cwpark1@gwnu.ac.kr
